3-HP production via uracil catabolism pathway
3-HP was also produced as a degradation product of a pyrimidine base, uracil. A novel uracil catabolism pathway in Saccharomyces kluyveri is independent of the respiratory chain. It was founded that uridine monophosphate and urea were intermediates, and 3-HP, ammonia and carbon dioxide were the final products of degradation in this pathway [2, 8] .
3-HP production via unknown mechanism
Some endophytic fungi can excrete 3-HP as a nematicide. 3-HP was extracted from the culture filtrate of several endophytic fungi isolated from above-ground plant organs. It is observed that 3-HP exhibited selective nematicidal activity against the plant-parasitic nematode Meloidogyne incognita with LD50 (Lethal dose, 50%) of 12.5-15 μg*ml -1 , such as Phomopsis phaseoli, Melanconium betulinum, Betula pendula and Betula pubescens. The biochemical pathways for 3-HP production in these fungi have not been elucidated [12] .
It is indispensable for the 3-HP commercial production to use cheap and abundant substrates and also indispensable to utilize in highly efficient production processes that can result in high titer, yield and productivity. The natural microorganism cannot fulfill these criteria. Therefore metabolic engineering and genetically engineered microorganism are necessary to make the biochemical production of 3-HP commercially available [2, 10] .
Constructed biochemical pathways for 3-HP production 2.2.1 Starting from glucose
For 3-HP production from glucose seven biochemical pathways were developed by Cargill, an agricultural company. The pathways are recommended to be redox-balanced and to generate ATP otherwise it reach the redox-balance with byproduct production which reduces the product yield and increases the byproduct formation. All the seven pathways are redox neutral, but most of them do not produce ATP. Pyruvate and phosphoenolpyruvate (PEP) are important intermediates in these pathways. While one mol glucose is oxidized to two mol pyruvate, two mol NADH and two mol ATP is generated. ATP yield depends on the enzymes in the pathways [6] .
In Pathway I (red and yellow route on Fig. 2 ) one mol ATP per mol 3-HP is produced if the conversion of lactate to lactoyl-CoA is mediated by CoA-transferase (EC:2.8.3.5), which is otherwise an ATP consuming reaction [2] .
In Pathway II (brown and orange route on Fig. 2 ) the conversion of glucose into acetyl-CoA generates one ATP and two NADH per acetyl-CoA formation. On the other hand, the carboxylation of acetyl-CoA to malonyl-CoA utilizes 1 ATP, and the reduction of malonyl-CoA to 3-HP consumes two NADPH per 3-HP. This pathway is redox neutral but produces no net ATP. In addition to a lack of net ATP generation, the inability of malonyl-CoA reductase(EC:1.2.1.75) to utilize NADH as a cofactor is a significant disadvantage [3, 6] .
Pathway III (green, purple and orange route on Fig. 2 ) and Pathway IV (green, light blue and yellow route on Fig. 2 [6, 10] .
In the case of Pathway V (dark blue and yellow route on Fig. 2) , which is based on the succinic acid fermentative route with propionate as an intermediate, ATP production becomes negative. Pyruvate or PEP is converted to succinate, which is transformed to propionyl-CoA directly or through propionate. The dehydrogenation of propionyl-CoA removes two [H] and gives acryloyl-CoA, which is hydrated to 3-hydroxy propionyl-CoA followed by its hydrolysis to 3-HP. There is net consumption of 1 mol of ATP per mol of 3-HP produced.
When oxaloacetate is obtained from carboxylation of PEP by PEP carboxykinase (EC:4.1.1.49), the ATP produced and consumed is balanced. However, according to a report by Emde and Schink, the net ATP production becomes −0.33 ATP per 3-HP if propionyl-CoA is produced via propionate [7, 8] .
Pathway VI (rose, purple and orange route on Fig. 2 ) and Pathway VII (rose, light blue and yellow route on Fig. 2 ) depend on alanine-2,3-aminomutase. Aminomutases are the enzymes that catalyze the transfer of amino group from α-to β-carbon, and have been engineered to be active on L-amino acids. Lysine 2,3-aminomutase (EC:5.4.3.2) of Porphyromonas gingivalis is engineered to convert α-alanine to β-alanine. The ATP yield (per 3-HP) for pathway VI is +1. For the pathway VII it can be 1 or 0 depending on the conversion of β-alanine to β-alanyl-CoA conversion [13] .
Four of these pathways are thermodynamically unfavorable (I, IV, V and VII). Among the ATP producing pathway, Pathway VI is thermodynamically favorable. It is considered the most promising among the seven pathways. In Pathway VI, although the conversion of β-alanine to 3-oxopropanoate is thermodynamically unfavorable, it can be overcome using a high substrate concentration and low product concentration. cycle. Common steps are numbered. FAD: flavin adenine dinucleotide [2] . Table 1 The ATP yield and thermodynamic feasibility for various metabolic pathways starting with glucose for the production of 3-HP.
Net ATP yield depend on the enzyme used in the pathways. OAA: Oxaloacetate, PEP: phosphoenolpyruvate. [ 
Starting from glycerol
Glycerol, the main byproduct of biodiesel production, is a usable substrate for 3-HP fermentation. It is non-toxic to many microorganisms and it can be used in high concentration. Some microorganisms, such as Klebsiella pneumoniae, Lactobacillus reuteri and Lactobacillus collinoides produce 3-HP by oxidizing 3-hydroxypropionaldehyde (3-HPA). There are two main routes towards the production of 3-HP from glycerol (Fig. 3) . that have been investigated during the last years; CoAdependent pathway and CoA-independent pathway [2, 6] .
The CoA-dependent pathway was based on 1,2-propanediol (1,2-PDO) degradation in Salmonella enterica. All the genes necessary for the consumption of 1,2-PDO by Salmonella enterica are found in the propanediol utilization (pdu) locus. The production of 3-HP from glycerol can be carried out through precisely the same pathway as the enzymes used for the production of propionate. In this case, the reaction sequence is as follows: glycerol→3-HPA→3-HP-CoA→3-HP-phosphate→ 3-HP. Glycerol is converted to 3-HPA by the B12-dependent diol-dehydratase (EC:4.2.1.28). Then the 3-HP is reached through 3-HP-CoA and 3-HP-phosphate. The reactions are catalyzed by (CoA)-dependent propionaldehyde dehydrogenase (EC:1.2.1.3) (PduP), phosphotransacylase (EC:2.1.3.222) (PduL) and propionate kinase (EC:2.7.2.15) (PduW). The last reaction produces one ATP. The same pathway is also present in Klebsiella pneumoniae [8, 10] .
In the CoA-independent pathway, the dehydration of glycerol to 3-HPA is catalyzed by glycerol dehydratase (EC:4.2.1.30), and then oxidation of 3HPA to 3HP is catalyzed by aldehyde dehydrogenase(ALDH) (EC:1.2.1.3). Unlike the CoA-dependent pathway, this pathway neither produces ATP nor requires the participation of CoA. This pathway is much simpler than the CoA-dependent pathway and can utilize the multiple ALDHs present in many microorganisms. On the other hand, the functioning of this pathway for 3-HP production in natural microorganisms has not been elucidated [14] [15] [16] [17] .
In both pathways, aldehyde dehydrogenases require NAD + as a cofactor, which should be regenerated by the oxidative metabolism of glycerol and/or an electron transport chain. 
Novel biochemical pathway for 3-HP production suggested by in silico approach
The Biochemical Network Integrated Computational Explorer (BNICE) software can design pathways with the ability to incorporate novel reactions and intermediates that are unknown or have not been identified. This program generates every possible biochemical reaction route connecting the starting compound(s) and target product. The BNICE based on NetGen, which is an automated network generation method and a set of enzyme reaction rules. These rules based on a manual curation of the enzyme commission (EC) system, which covers much of the known biochemistry. The pathway ranking is based on several criteria. The criteria are the pathway length, thermodynamic feasibility, maximum achievable yield of 3-HP on glucose, and the maximum achievable intracellular concentration [13] . E. coli was used as a model microorganism and anaerobic cultivation with glucose as the sole carbon source was assumed. BNICE confirmed that among the seven pathways suggested by Cargill, Pathway VI was the most promising. The three novel pathways developed by using BNICE involve the conversion of pyruvate to lactate followed by the formation of 3-HP with a theoretical yield of two 3-HP molecules per molecule of glucose consumed [8] .
The first novel pathway on Fig. 4 from BNICE involves only two steps (pyruvate→lactate→3-HP). This pathway has one novel reaction, the conversion of lactate to 3-HP. This step is thermodynamically unfavorable. Therefore, it was suggested to maintain a high intracellular lactate concentration and low 3-HP concentration. The maximum achievable 3-HP intracellular concentration was estimated to be only 1.0 mM.
Fig. 4
Simplefied novel pathways generated by BNICE for 3-HP production [2] .
The different routes are numbered. Glu: glutamate; α-KG: α-ketoglutarate
The second novel pathway on Fig. 4 (pyruvate→α-alanine →β-alanine→ propenoate→3-HP) is the same as Cargill's Pathway VI except that only one intermediate, 3-oxopropanoate, is replaced by propenoate. These two pathways differ in terms of the aminating and deaminating reactions involved. The (trans)amination reaction (conversion of pyruvate to α-alanine) in these pathways can be carried out by either the incorporation of ammonia or the use of glutamate. The theoretical 3-HP yield in this pathway is 2.0 mol/mol glucose, whereas the maximum achievable 3-HP intracellular concentration was estimated to be 8.3 mM.
The third pathway on Fig. 4 , (pyruvate→ oxaloacetate→3-oxopropanoate→3-HP) constructed by BNICE is noteworthy. This pathway is thermodynamically feasible and requires the consumption of one ATP molecule. The theoretical 3-HP yield (mol/mol glucose) is reduced to 1.22 due to the ATP requirement [2, 8] .
Major challenges for microbial production of 3-HP
Bioconversion offers a safer and more viable alternative with the opportunity to produce a variety of chemicals under milder conditions. However, there are currently only a very few examples of bio-based processes overcoming the competitive petrol-based process such as yeast-based ethanol, yeast-or lactic acid bacteria-based lactic acid and E. coli-based propanediol. For these bio-based chemicals to be economically feasible, a high product concentration (above 100 g*L -1 ), productivity (over 2 g*L -1 *h -1 ) and substrate-to-product yield (above 50%) are required. Although several biological routes and recombinant strains have been developed for the production of 3-HP, their performance is still unsatisfactory and more improvement is required. Many technical hurdles need to be addressed to realize the biological production of 3-HP. With glucose as a substrate, only few studies have been reported (as shown in Table 2 ) while there is an interesting patent on high level 3-HP production [18] . Identifying the most significant issues appears to be difficult at this stage. On the other hand, with glycerol as a substrate, detailed information on the relevant genes, enzymes and biochemical pathways are well documented. Therefore, the challenges for commercial 3-HP production are described with particular focus on the latter substrate, glycerol, these will be discussed detailed in the next sections [2, 10] .
Toxicity of 3-HP
Similar to other acids, 3-HP causes pH-based growth inhibition. In most 3-HP production processes with recombinant Klebsiella pneumoniae and Escherichia coli, the rate of production in the late period where the 3-HP concentration exceeds 200-300 mM decreases significantly. In addition, when 3-HP was added to the culture medium, the rates of cell growth, glycerol consumption and 3-HP production decreased progressively as the 3-HP concentration increased. The problems associated with acid toxicity can be solved partly by adapting the microorganisms to low pH and conducting fermentation at a pH less than the pKa of the acid which is 4.51 [8, 19] .
Toxicity of 3-HPA
3-hydroxypropionaldehyde (3-HPA), the immediate substrate of 3-HP production, is highly toxic and its accumulation at 15-30 mM often halts 3-HP production. Although several hypotheses have been proposed for its bactericidal action, the precise mechanism is unclear. 3-HPA accumulation is caused by an imbalance between the activities of glycerol dehydratase (GDHt) (EC:4.2.1.30) and AldH (EC:1.2.1.3) and/or 1,3-propanediol oxidoreductase (PDOR) (EC:1.1.1.202). In addition, propanediol build-up can contribute to the accumulation of 3-HPA because PDOR can catalyze the reverse reaction (PDO→ 3-HPA) under high propanediol concentrations. During 3-HP production from glycerol, 3-HPA accumulation can be avoided by balancing the rates of its production and consumption. This can be accomplished by either reducing the GDHt activity or enhancing the activity of AldH. The former strategy would reduce the overall rate of production. Therefore, the latter is considered more desirable [10, 20] .
Vitamin B 12 supply
Coenzyme B 12 is often inactivated during the reaction catalyzed by glycerol dehydratase and should be supplied continuously. In many microorganisms, including K. pneumoniae, synthesis of coenzyme B 12 is unsatisfactory under aerobic conditions, which are required for the active regeneration of NAD + . Pseudomonas denitrificans produces vitamin B 12 under aerobic conditions. The use of P. denitrificans as a host might solve the problems associated with aerobic vitamin B 12 synthesis. On the other hand, the glycerol metabolism has not been reported in P. denitrificans. Furthermore, this organism has not been studied as a recombinant host and no genetic tool box for this strain is available [2, 10] . Another approach to solve the problem is to use B 12 -independent glycerol dehydratase from Clostridium butyricum [21, 22] .
Redox balance and yield
The regeneration of NAD + is a challenging issue in glycerolbased 3-HP production. The redox balance affects a wide range of genes, cellular functions and metabolite profiles. Determining and maintaining the optimal oxygen level that allow the continuous regeneration of NAD + while not interferes with the synthesis of vitamin B 12 and/or proper carbon flux toward 3-HP production is quite difficult. Anaerobic 3-HP production in the presence of nitrate is one strategy to deal with this problem. The potential of this approach was illustrated by the high 3-HP final titer, ~22 g*L -1 , in one recombinant K. pneumoniae [8, 10] .
Biotechnological production
We summarized recent 3-HP production results in Table 2 .
Highest 3-HP yield
Immobilization of Acetobacter sp. CGMCC 8142 was investigated for efficient biocatalysis of 1,3-propanediol to 3-hydroxypropionic acid [23] . The optimal immobilization conditions for 3-HP biocatalysis was sodium alginate of 40 g*L -1 , gel beads diameter of 1mm, cross-linkage time 2 h and 0.1 mM FeCl2. Immobilized cells showed promising substrate tolerance, pH stability, thermal stability and storability. The bioconversion was prepared in 10 ml final reaction volume. The reaction mixture contained 5.0 g CDW (Cell Dry Weight) pro Liter, 70 g*L -1 1,3-propanediol and acetic acetate buffer (0.2 M, pH 6.0). Gel beads were collected after each cycle and subsequently soaked for 30 min in saline for removal of residual components. After 5 cycles of reaction, 66.95 g*L -1 3-HP was produced from 70 g*L -1 1,3-propanediol, which means 0.96 g*g -1 yield [23] . Currently, a similar, but larger scale experiment has not been found in literature. The second highest 3-HP yield in Table 2 is 0.88 g*g -1 . In this study recombinant Escherichia coli produce 3-HP from glycerol. Double deletion of glpK(glycerol kinase) and yqhD(alcohol ehydrogenase) directed the glycerol flux to 3-HP biosynthesis and reduced the formation of 1,3-propanediol. 
Highest 3-HP titer
The highest 3-HP titer in Table 2 is 184,7 g*L -1 which was produced from 3-hydroxypropionitrile (3-HPN) with immobilized cells [31] . In the experiments Escherichia coli BL21 was transformed with plasmid pET-32a-Nit190. Nit190 gene encoding a nitrilase which would be a suitable biocatalyst used to develop a highly efficient bioprocess for synthesis of 3-HP from 3-HPN. The cells were immobilized by using calcium alginate embedding and chemically crosslinking immobilized cells. Batch reactions were performed in distilled water containing 3.0 mol*L -1 of substrate at the optimal conditions over 5 h for each batch. After each reaction, the beads were washed by distilled water and transferred to fresh reaction mixture. Repeated batch reaction was carried out under the same conditions as the first cycle. The titer (184.7 g*L -1 ) and productivity (36.9 g*L -1 *h -1 ) were obtained by isolation and purification of 3-HP from the first 30 batches [31] . Even though it is the highest titer found in the literature, the fact that only 10 mL was experimented makes no industrially usable technique. Further studies are needed to examine the scale-up.
The second highest 3-HP titer in Table 2 converted from glycerol. The puuC(aldehyde dehydrogenase) gene was PCR-amplified from the genomic DNA of K. pneumoniae. The puuC gene was cloned into pTAC and pLAC, resulting in two recombinant vectors pTAC-puuC(harnessing tac promoter) and pLAC-puuC (harboring lac promoter), respectively. Transforming vectors into K. pneumoniae led to recombinant strains K. pneumoniae (pTAC-puuC) and K. pneumoniae (pLAC-puuC). 50 µg*mL -1 kanamycin was added to the medium for K. pneumoniae (pTAC-puuC), while 60 µg*mL -1 ampicillin was added to the medium for K. pneumoniae (pLAC-puuC). The deletion of lactic acid and acetic acid synthesis genes ldh1(lactate dehydrogenase 1), ldh2(lactate dehydrogenase 2), and pta(phosphate acetyltransferase) was carried out according to the protocol of RecA homologous recombination. Fed-batch cultivation of the strain K. pneumoniae∆ ldh1∆ ldh2∆ pta(pTAC-puuC) was carried out in 5-L bioreactor containing 3 L fermentation medium. The strain was pre-cultivated in 100 mL fermentation medium overnight at 37 °C and then added into the bioreactor. The agitation speed was 400 rpm and the air was supplied at 1.5 vvm. The temperature was 37 °C and pH value was adjusted to 7.0 by addition of 5 M NaOH. Residual glycerol was maintained at 25 g*L -1 . The fermentation resulted 83.8 g*L -1 3-HP in 72 h. In the available literature this is currently the highest 3-HP titer with K. pneumoniae [17] .
Highest 3-HP productivity
The highest productivity in Table 2 is 36.9 g*L -1 *h -1 and was already presented in detail in Section 4.2 [31] .
The second highest productivity of 3-HP in Table 2 is 1.8 g*L -1 *h -1 [20] . In the study a novel aldehyde dehydrogenase, GabD4 from Cupriavidus necator was identified and found that it possessed the highest enzyme activity on 3-HPA reported to [43] date. The expression plasmids contained dhaB, gdrAB and one of the candidate aldehyde dehydrogenase genes. This was transformed into E.coli ΔackA-ptaΔyqhD mutant strains. The strain was cultured at pH 7.0 in a 5 L bioreactor with a working volume of 2 L at 35°C and 500 rpm. The initial glycerol concentration was 80 g*L -1 and concentrated glycerol (700 g*L -1 ) was added to the culture broth as a feeding substrate to maintain the glycerol concentration. The recombinant E. coli produced 71.9 g*L -1 of 3-HP with a productivity of 1.8 g*L -1 *h -1 [20] . The third highest productivity of 3-HP in Table 2 is 1.75 g*L -1 *h -1 [33] . The co-production of 3-HP and 1,3-propanediol by Klebsiella pneumoniae expressing aldH was experimented under microaerobic conditions. K. pneumoniae/ pUC18kan-aldHec expressed aldH encoding the c-glutamyl-c-aminobutyraldehyde dehydrogenase (EC:1.2.1.19) from E. coli K12. The inoculum was prepared in 250 mL flask containing 100 mL of the preculture medium supplemented with 20 µg*mL -1 of kanamycin. The flask was inoculated with 1 mL of the stock culture and was incubated aerobically at 37°C and 220 rpm for 12 h. The preculture was used to inoculate 2.8 L of the fermentation medium in a 5-L bioreactor. The fed-batch experiments were carried out at 37°C, and the pH was controlled automatically at 6.8-7.0 with 5M NaOH. Sterile air was sparged at 1. 5 Recovery 3-Hydroxypropionic acid in particular is an important material that is useful for many industrial applications. It has been discovered that efficient recovery of 3HP in desired concentrations and desired purity is challenging. The recovery of 3-hydroxypropionic acid from real fermentation broth is developed and patented by Cargill [40] . Besides that, extraction experimental results were also reported [40, 41] .
There was investigation about the reactive extraction of 3-HP from model aqueous solution and real bioconversion media as well [42] . In the study tri-n-octylamine (TOA) and Aliquat 336 was used as extractants in n-decanol. When 3-HP was extracted from a real bioconversion broth, some cell-originating compounds were suspected to adsorb to the aqueous-organic interface. This effect, added to the possible competition between 3-HP and compounds that can react with the extractants, led to limitations in the yield and selectivity of the extraction. For example, yield and selectivity for the model bioconversion broth were 89% and 35.9 respectively. These values decreased to 62% and 15.7 for the real broth at pH=3.2 [42] .
There was also investigation about reactive extraction of bio-based 3-HP assisted by hollow-fiber membrane contactor (HFMC) using TOA and Aliquat 336 as extractants in n-decanol [41] . The highest distribution coefficient of 3-HP (KD = 13.0) was observed at pH=3 with 10%v/v TOA mixed with 10%v/v Aliquat336 in n-decanol. This study showed that the acid concentration and the ratio of used amines to TOA and Aliquat 336 in n-decanol did not have a great impact on the KD during 3-HP reactive extraction, whereas it had an influence on the extraction kinetics. Moreover, 3-HP reactive extraction assisted by HFMC from real bioconversion broth with glycerol as substrate was shown to be feasible, with the same order of magnitude of extraction kinetics but with a lower KD compared with reactive extraction using model broth. The highest yield in the experiments reached >90% [41] .
The newest 3-HP recovery method from fermentation broth is patented by Cargill [40] (Fig. 5) . The method comprises the steps of:
• Centrifugation • Increasing the concentration of 3-hydroxypropionic acid and/or salts thereof in the fermentation broth by evaporation • Acidifying the fermentation broth to lower the pH between 1 and 3 • Reducing the total sulfate ion and phosphate ion concentration with ion exchanger • Extraction • Distilling by applying vacuum and heat 6 Conclusions and future prospects 3-hydroxypropionic acid is a commercially valuable, important platform chemical. Several microorganisms can produce through a range of metabolic pathways. It is indispensable for the commercial production of 3-HP to use cheap and abundant substrates and also to utilize is highly efficient processes that can result a high yield, titer and productivity. Because of the fact, that natural microorganism do not perform these conditions, metabolic engineering and genetically engineered microorganism are widely studied. Several metabolic pathways are developed to utilize glucose or glycerol to produce 3-HP. Only few of them are suitable to be used economically. Using crude glycerol and convert it to 3-HP, would reduce the production costs, advancing the economic feasibility of this production. However, the many impurities found in crude glycerol, such as alcohols, salts, heavy metals, and soaps, limit its use as a substrate. Efficient production of 3-HP from glycerol with recombinant strains could be achieved by the deletion of competing pathways, in order to drive carbon flux to the reductive glycerol consumption pathway. The balance between the oxidative and reductive pathways should also be taken into consideration for effective 3-HP synthesis. The development of recombinant strains with native B 12 synthesis and reactivating factors would address the cofactor dependence of glycerol reduction and instability of glycerol and diol dehydratase. The development of novel and mutated ALDHs, which would have high activity on 3-HPA, would prevent the accumulation of toxic 3-HPA in the host cells, which may allow us to obtain highly efficient and productive host strains in order to produce 3-HP from glycerol. Furthermore, novel pathways for the 3-HP production from glucose can be achieved by heterologous expression of different genes and by using novel enzymes with increased specificity for the target compound. Although several pathways have already been patented for this, they are still far from potential commercial application. There still remain some important issues requiring further investigation. For example, 3-HP tolerance in 3-HP-producing strains should be further improved to enhance its titer in culture broth. With glycerol as substrate, synthesis of vitamin B 12 , regeneration of NAD + , and 3-HPA accumulation should be carefully studied individually or in an integrated manner. Biologically produced 3-HP results from the recent years are summarized in the Table 2 . Remarkable yields, titers, and productivities are reached by different methods in laboratory scale. Finally, an efficient and economical downstream process for separation and purification of 3-HP from the culture broth will be important as well. It has been discovered that efficient recovery of 3-HP in high concentrations and desired purity which are required for certain industrial applications is challenging. One promising solution can be the patented 3-HP recovery by Cargill [8, 10, 43] .
